Pseudomonas cichorii SPC9001 was transformed with plasmid pNP126 containing luxCDABE operon of Vibrio fisheri, and bioluminescent IBRC82 was obtained. Growth and movement of IBRC82 and the response of host tissue were successively observed in the same lettuce leaf using the video-intensified microscopy (VIM) camera equipped with the ARGUS 50. Bacterial bioluminescence conferred by the lux operon was first observed at inoculated sites 2 days after inoculation and then in the surrounding region. It then moved along the leaf veins. Browning symptoms appeared in areas where bioluminescence had been detected and developed into bacterial rot. Microscopic observation showed that P. cichorii colonized the intercellular spaces of the epidermis and mesophyll and then moved into the vascular bundle. These results suggest that the disease symptom appears and develops, following the bacterial growth and movement in a lettuce leaf. In leaf disks infiltrated with the bioluminescent bacteria, bioluminescence was observed in the whole tissue 12hr after inoculation, and the disks then collapsed 36hr after inoculation. Cycloheximide, a eukaryote-specific protein synthesis inhibitor, completely suppressed the collapse of infiltrated disks, but had no effect on bacterial bioluminescence. These results demonstrate that the collapse of infiltrated disks following bacterial bioluminescence requires protein synthesis in the lettuce leaf. Therefore, the disease symptom appears and develops depending on the response of host tissues, including de novo protein synthesis, corresponding to the bacterial growth and movement in a lettuce leaf.
INTRODUCTION
Bacterial rot of lettuce is an economically important disease in Japan. Causal agents of the disease are Pseudomonas cichorii, P. marginalis pv. marginalis, and P. viridiflava19). In the highlands of north and central Japan, P. cichorii is the major causal agent of the disease. The disease is characterized by shiny, darkbrown, firm necrotic spots on leaves underneath the second or the third outermost head-leaves5, 11, 19) . No cultivars of lettuce are resistant to the disease, and no chemicals effectively control the disease. Crop rotation and soil fumigation are practically ineffective11, 19) . Thus, the disease is hard to control in the highlands of Japan.
In a field, the bacterial population in headleaves increases following an increase in the bacterial population in the outer-leaves8). The disease symptom appears on the leaves when the bacterial populations exceed approximately 105cfu/g. The observation of sections of a headleaf under the fluorescent microscope with an FITC-conjugated antibody against P. cichorii has suggested that the bacteria, invading through stomata, colonized the intercellular spaces of the epidermis and mesophyll17). However, the relationship between the development of disease symptoms and bacterial behavior in a lettuce leaf is not yet clear. To obtain further insights into the mechanisms of bacterial pathogenicity and the response of host tissues, an effective approach is to assess bacterial growth and movement in an infected leaf and to analyze plant-bacterium interactions in the same sample without disrupting leaf tissues. When plant tissues are disrupted, bacterial behavior and subsequent disease development can not be followed within the same plant tissue.
The luxCDABE operon has been successfully expressed in diverse bacteria, and the bioluminescence detection technique would have broad applicability in the study of the behavior of rhizosphere and epiphytic bacteria in soil and plants1, 12, 13, 15) . For example, movement of bioluminescent Xanthomonas campestyis pv. campestyis can be monitored in planta, even in a field environment1,15). However, X-ray film and the chargedcoupled device (CCD) camera used in those studies do not allow the evaluation of bacterial growth and movement or quantitative measurement of bacterial populations in planta in real time.
In this study, we observed the behavior of bioluminescent P. cichoyii IBRC82 (IBRC82) carrying the lux-CDABE operon in a lettuce leaf using the video-intensified microscopy (VIM) camera equipped with the ARGUS 50. The system allows us to successively observe bacterial behavior within the same sample and to detail the localization of bacteria. The present results using this system show that the response of lettuce tissues including de novo protein synthesis corresponding to P. cichoyii growth is required for the development of disease.
MATERIALS AND METHODS

Bacterial
strains and plasmid P. cichoyii SPC9001 was obtained from Dr. T. Shirakawa, National Research Institute of Vegetables, Ornamental Plants and Tea, Japan. Burhholderia glumae B446-3 was obtained from Dr. S. Tsushima, Tohoku National Agricultural Experiment Station, Japan. Escherichia coli HB101 was used as a donor in all matings.
Plasmids used in this study are described in Table 1 . Plasmid pUCD3101 was constructed by substituting the tetracycline resistance gene of pLAFR3 for the neomycin resistance gene of Tn5 and by ligating the ori derived from pBR322 into the EcoRI site of pLAFR317). ( Fig. 1 ) with the triparental mating method. Bioluminescence of the transf ormants, which were resistant to kanamycin and tetracycline, was measured with a luminometer. Thirty-seven of 258 transf ormants of P. cichorii harboring pNP126 expressed bioluminescence at a level more than 500 times greater than that of E. coli HB101 containing pNP126. Maintenance of pNP126 in the 37 transf ormants was examined by evaluating their bioluminescence following incubation in antibiotic-free medium. Nine of the 37 transformants retained the plasmid by more than 10% in each of the bacterial populations, while also maintaining pathogenicity to lettuce leaves. Virulence of one (IBRC82) of the transconjugants was similar to that of the parental strain P. cichorii SPC9001, and IBRC82 maintained pNP126 in vitro and in planta above 90%. Therefore, we used IBRC82 in further studies.
Bacterial bioluminescence in planta Lettuce leaves inoculated with IBRC82 first developed browning symptoms at inoculated regions 3-4 days after inoculation. The symptoms enlarged with time (Plate I-1) and developed into bacterial rot by 5-6 days after inoculation. The area of bacterial rot then enlarged by 7 days after inoculation. The development of disease symptoms caused by IBRC82 was similar to that by the parental strain P. cichorii SPC9001.
The same lettuce leaves just described were used to observe the bioluminescence of IBRC82 under the VIM camera. Small flecks of bioluminescence were first detected at the inoculated regions 2 days after inoculation, and then in the surroundings of the inoculated region from 3 to 7 days after inoculation (Plate I-1). The browning symptom appeared in the areas where bioluminescence had been detected, but no bioluminescence was detected in the rotting area. Bioluminescence was not observed in uninoculated leaves and P. cichorii SPC9001-inoculated leaves.
At 7 days after inoculation, the population of kana- Use of the lux operon for tracing pathogenic bacteria in plants or on plant surfaces has been described for diverse bacteria1, 13, 15) . Only living bacterial cells with the introduced lux genes can produce bioluminescence, because the production of the substrate for the enzymatic reaction requires active electron transfer12). Lucif erase and reductase are the key enzymes required for bioluminescence. The intensity of bioluminescence is strongly dependent on the cellular level of ATP to recycle tetradecanal, the luciferin for light production. However, in the previous studies using X-ray films and the CCD camera, images of bacterial bioluminescence were difficult to obtain in a short time and to measure quantitatively the bacterial density. The VIM camera detects single photons in a short time, and excitation light is unnecessary to observe the bacterial bioluminescence6,9,12,18).
Our present results show that the use of the VIM camera in combination with the ARGUS 50 provides real-time detection in a short time and quantitative measurements of light intensity by color decoration. Our studies using this system also present direct evidence of the relationship of bacterial behavior and disease development. In a lettuce leaf P. cichorii colonizes the intercellular spaces of the epidermis and mesophyll and then moves into the vascular bundles. Induction of the disease development follows the bacterial bioluminescence, that is, the active multiplication of bacteria is required for symptom induction. Our observations basically coincide with and cover the results obtained from previous studies7, 8, 11, 19) on the bacterial population and localization in lettuce plants. This indicates that the present system is promising for successive observation of the bacterial growth and movement in the same sample as well as microscopic observation of the detailed localization of bacteria.
Synchronizing bacterial growth in host plants is preferable or necessary to analyze the response of plant tissues to bacterial growth. The present results showed that infiltration enabled the synchronized bacterial growth in a whole leaf disk (Plate II-2). In the infiltrated leaf disk, cycloheximide, a protein synthesis inhibitor in eukaryotes, suppressed tissue collapse but not bacterial growth. The chemical also suppressed the production of blue f ormazan by reduction of nitro blue tetrazolium. Nitro blue tetrazolium is reduced by metabolic materials including superoxide anion, which is related to signal transduction and programming cell death in mutant plants that mimic the lesions and hypersensitive reaction in resistant plants2 
